Using multiscale spatiotemporal analysis of bursty precipitation events in the nighttime aurora as seen by the POLAR UVI instrument, we report a set of new statistical signatures of high-and low-latitude auroral activity, signaling a strongly non-uniform distribution of dissipation mechanism in the plasma sheet. We show that small-scale electron emission events that initiate in the equatorward portion of the nighttime auroral oval (scaling mode A 1 ) have systematically steeper power-law slopes of energy, power, area, and lifetime probability distributions compared to the events that initiate at higher latitudes (mode B). The low-latitude group of events also contain a small but energetically important subpopulation of substorm-scale disturbances (mode A 2 ) described by anomalously low distribution exponents characteristic of barely stable thermodynamic systems that are prone to large-scale sporadic reorganization. The high latitude events (mode B) can be accurately described by a single set of distributions exponents over the entire range of studied scales, with the exponent values consistent with globally stable self-organized critical (SOC) behavior. The lowand high latitude events have distinct inter-trigger time statistics, and are characterized by significantly different MLT distributions. Based on these results we conjecture that the inner and outer portions of the plasma sheet are associated with two (or more) mechanisms of collective dynamics that may represent an interplay between current disruption and magnetic reconnection scenarios of bursty energy conversion in the magnetotail.
Introduction
Soon after the development of basic substorm phenomenology it was realized that the nighttime auroral oval is not a simple latitudinally bound distribution of emission brightness and electric currents. In fact, the activity of this part of the ionosphere is extremely complicated, and it incorporates a variety of effects reflecting different conditions in the coupled solar wind -magnetosphere -ionosphere system. Examples of these are substorm expansion onsets, pseudobreakups, steady magnetospheric convection events, bursty bulk flows, sawtooth events, and other processes (e.g. Zesta et al., 2000; Lui, 2001; Frey et al., 2004; Henderson et al., 2006) .
It has also been found that despite the diversity of physical phenomena involved in the magnetospheric response to the changing solar wind driver, the output energy dissipation flux as estimated from particle precipitation in the nighttime aurora tends to cluster in intermittent spatiotemporal bursts described by robust scale-free statistics Lui, 2002; Uritsky et al., 2003 Uritsky et al., , 2002 Uritsky et al., , 2006 .
The term "scale-free" was coined in the statistical mechanics of turbulent and/or critical phenomena to describe correlated perturbations with no characteristic scales other than the scales dictated by the finite size of the system, as opposed to scale-dependent perturbations reflecting physical conditions that vary across different scales (Dhar, 2006; Sreenivasan et al., 2004; Lubeck, 2004) . The observational signatures of the scale-free behavior include the power-law shape of probability distributions, Fourier spectra, autocorrelation functions, and other statistics, with the power-law exponents being constant over wide ranges of scales. Some well-known manifestations of such behavior in the geo-and space sciences are fully developed turbulence in hydrodynamic and magnetized flows (Lazarian, 2006) , GuttenbergRichter statistics of earthquake magnitudes (Turcotte, 1989) , Published by Copernicus Publications on behalf of the European Geosciences Union. 746 V. M. Uritsky et al.: Collective dynamics in the inner and outer plasma sheet statistical and topological scale-invariance of flaring activity in the solar corona (Charbonneau et al., 2001) .
Nighttime auroral activity provides an impressive example of scale-free behavior. The energy probability distribution of electron precipitation regions as seen by the POLAR satellite exhibits power-law shape over about 6 orders of magnitude (Uritsky et al., 2002) . By combining POLAR data with ground-based TV observations (Kozelov et al., 2004) , the power-law scaling range of energy distributions has been extended up to 11 orders of magnitude. However, these scale-free statistics represent long-term averaged properties of nighttime magnetospheric disturbance, and they can mask more complicated dynamics at the level of specific plasma structures responsible for the generation of various forms of auroral precipitation. Exploring these phenomena could help to build a more solid theoretical link between the statistical and dynamical plasma descriptions, to evaluate predictability of different magnetospheric states, and to obtain statistical guidelines for designing future space missions targeted at multiscale plasma disturbances.
In a companion paper (Uritsky et al., 2008) , we demonstrated that inner and outer portions of the magnetotail plasma sheet are characterized by substantially different scaling regimes of bursty energy dissipation suggesting different kinds of plasma turbulence in these regions. This analysis was based on a simple subdivision of onset locations into groups of "high" and "low" latitude events relative to the line 66 • MLAT, which is given by the maximum in the distribution in latitude of these events.
Here we investigate in depth the scale-free and scaledependent modes of auroral precipitation dynamics using a more accurate classification method based on an empirical auroral oval model capturing nonlinear mapping effects, and applying a more comprehensive set of statistical tools. We compute an extensive collection of scaling exponents supplemented by quantitative measures of both random and systematic scaling errors as explained in Sect. 2.2. Our main new results include (1) demonstration of a qualitative agreement between the locations of the precipitation events detected using our spatiotemporal algorithm and the substorm onset positions in the database by Frey et al. (2004) ; (2) statistical proof of a separate group of strong low-latitude events described by a distinct set of scaling laws; (3) power-law exponents of cumulative distributions of emission event parameters found to be consistent with probability density exponents; (4) analysis of power-law distributions of the inter-trigger time of the events revealing distinct scaling exponents for the high-and low-latitude auroral regions; (5) comparison of the obtained distribution exponents with structure function exponents of the electric field fluctuations reported earlier.
These new results confirm the causal relationship between the auroral precipitation statistics and the underlying nonuniform morphology of the central plasma sheet (CPS). They show that the inner and the outer CPS regions are responsible for three distinct scaling modes of the auroral precipitation dynamics. Based on this picture, we propose a preliminary physical interpretation for the observed latitudinal dependence of the collective properties of nighttime precipitation events in terms of the current disruption and midtail reconnection scenarios of the CPS reconfiguration.
Data and methods

Detection of spatiotemporal events
Our analysis is based on a collection of digital images of nighttime northern aurora (55-80 MLAT, 20:00-04:00 MLT) obtained from the Ultraviolet Imager (UVI) onboard the PO-LAR spacecraft, in the 165.5 to 174.5 nm portion of the Lyman-Birge-Hopfield spectral band, using an integration time of 36.5 s, and a time resolution of 184 s. The studied database includes 16 000 images taken during two observation periods (1 January 1997 -28 February 1997 and 1 January 1998 -28 February 1998 , both close to a solar minimum. The images were rebinned down to a uniform spatial resolution of 70×70 km which was kept constant irrespective of the spacecraft altitude.
In contrast to statistical approaches dealing with individual auroral images Kozelov and Rypdal, 2007) , our study involved spatiotemporal tracking of emission events as briefly explained below. In most cases, this tracking made it possible to identify the precipitation events that co-evolved simultaneously in multiple auroral locations and could not be resolved otherwise (Uritsky et al., 2002) .
The UV luminosity w(t, r) was analyzed as a function of time t and position r on the image plane. First, active auroral regions were identified by applying the lower activity threshold w a representing a background UV flux. Adjacent spatial regions with w(r, t)>w a were treated as parts of evolving events. By checking for overlap of common pixels between each pair of consecutive UVI frames, we identified a set of 3-dimensional spatiotemporal integration domains i (i=1, .., N ) corresponding to each of the N individual emission events found by this method. Thus, the events were defined as connected regions in space-time. These domains of contiguous activity were used to compute the lifetime, T i = max(t∈ i )− min(t∈ i ), the energy, E i =k i w(r, t) drdt, the peak power, W i =k max( i (t) w(r, t) dr), and the peak area,
The factor k=2.74×10 −8 J photon −1 is an empirical constant for converting photon fluxes to energy fluxes (Brittnacher et al., 1997) . In addition, we have computed the delay (inter-trigger) time D, defined as the time interval between the beginning of a given event and the beginning of the most recent preceding event.
The robustness of the obtained statistics was verified by repeatedly running the algorithm with substantially different w a . Below we show the results for the threshold w a =10 photons cm −2 s −1 for consistency with our previous publications (Uritsky et al., 2002 (Uritsky et al., , 2006 .
Statistical tools
The initial position of each auroral event was estimated with a typical error of about 300 km in either spatial directions. This error is due to the fact that the starting area of the active auroral regions tracked by our algorithm was usually above the image resolution. The latitudinal positions φ i were studied relative to the line given by an empirical model for the equatorward boundary of the auroral oval due to Gvozdevsky and Sergeev (1995) :
Here, MLT i and MLAT i are the geomagnetic coordinates of the i-th event in our database, and the numerical constants represent average solar wind -magnetosphere coupling conditions (see Gvozdevsky and Sergeev, 1995, for details) . The model was originally designed as a proxy for the isotropic boundary separating the inner magnetospheric region of adiabatic particle motion from the outer region of stochastic particle motion in the CPS.
In a strongly perturbed magnetotail state such as the one observed during to the expansion phase onset, the equatorward boundary model used in Eq. (1) fails to predict the correct isotropic boundary, which can move a considerable distance due to the tail stretching and dipolarization (Donovan et al., 2003; Meurant et al., 2007) . However, this model remains a valuable tool for separating the inner (near-Earth) and the tail CPS regions in a typical magnetotail configuration.
The statistics of the emission events that initiated on the poleward (φ>0) and equatorward (φ<0) side of the auroral oval were characterized by sets of probability density distributions p(x) and cumulative probability distributions P (x)= ∞ x p(x ) dx , where x∈{E, W, A, T , D}. The absolute values of the power-law exponents of the two groups of statistics are denoted correspondingly as τ x and θ x , with the subscript indicating the variable under study. In every case, the validity of power-law approximations (p(x) ∝ x −τ x , P (x) ∝ x −θ x ) has been verified based on the standard regression errors as well as systematic scaling errors x =τ x −θ x −1. The latter approach 0 in the scale-free case since
We used logarithmic binning for computing both p(x) and P (x) distributions. The data points were merged into groups with logarithmically scaled boundaries providing a fixed number of bins per decade, which reduced the noise in the tails of the distributions resulting from limited number of large events. The accuracy of this approach is comparable with the methods based on maximum likelihood estimators, and is the best among graphical methods of power-law exponent evaluation (Bauke, 2007) . Figure 1 shows the onset positions of all the events detected by our spatiotemporal method (n=7481). These positions are combined with the database of substorm onset positions constructed by Frey et al. (2004) using IMAGE FUV data. It should be understood that our database includes any auroral brightnings, which are not necessarily related to substorm activity. Nevertheless, the statistical overlap between the two data sets is reasonable, indicating that the auroral region prone to producing substorm breakups is also active in a broader sense. The scatterplot in Fig. 2 represents the statistical dependence between the energy E and the relative latitude φ of the events in our database. The shape of the scatterplot to the left and to the right of the φ=0 line is notably different. The subset of high-latitude events (positive φ) forms a uniform cloud of data points, with maximum energies observed at typical latitudinal positions of substorm breakups (Fig. 1 ). This energy peak extends towards negative φ events. However, the latter exhibit a wide gap of missing intermediate-energy activity, which suggests two distinct subpopulations in this φ range.
Results
Data overview
We have found that the asymmetry seen in Fig. 2 has important implications for the scaling properties of the activity in low-and high-latitude auroral regions. In our further analysis, we denote the small-scale and the large-scale emission events initiated at φ<0 as mode A 1 and mode A 2 events, 748 V. M. Uritsky et al.: Collective dynamics in the inner and outer plasma sheet respectively. The uniform φ>0 population will be referred to as mode B events.
Event classification
Figures 3-6 show probability distributions for the emission events which were initiated above (φ>0) and below (φ<0) the auroral boundary defined by Eq. (1). The numerical values of the scaling exponents describing the shape of these distributions are summarized in Table 1 . The results obtained indicate that A 1 , A 2 and B events have significantly different statistical features as discussed below.
High-latitude events: φ>0. The events whose onsets are described by positive φ are characterized by broad-band power-law statistics with no distinct characteristic scales (scaling mode B according to our classification). The scalefree nature of these events is confirmed by small systematic errors x (see Table 1 ) indicating a consistency of τ x and θ x exponents with the scaling relations (2) predicted for powerlaw distributions with single log-log slopes.
We note that the range of scales of this power-law behavior involves both small auroral activations and rather large events whose energy and power outputs lie in the range of fully developed substorms (Carbary et al., 2000) . The exponents τ E , τ W , τ A and τ T are close to the corresponding values reported earlier for the same observation period without filtering the activity by the onset location (Uritsky et al., 2002 (Uritsky et al., , 2003 (Uritsky et al., , 2006 .
Low-latitude events: φ<0. The events described by negative φ have a more complicated statistical pattern. Their probability functions demonstrate a crossover behavior which includes small scale portions with τ x and θ x exponents considerably greater than the corresponding exponents of the high-latitude events, as well as large-scale portions exhibiting the opposite tendency. To quantify these crossovers, we divided the whole set of events with φ<0 into two subgroups based on the criteria E>E * and E<E * , where E * =5×10 12 J is the approximate energy level marking the transition between the steep and shallow log-log slopes in the p(E) distribution. The exponents below and above E * have different values. Also, for small-scale events (scaling mode A 1 ), the relation τ x −θ x −1=0 approximately holds ( x errors are relatively small), while for large-scale events (scaling mode A 2 ), this relation is effectively invalid. These observations strongly suggest that the studied activity is, in fact, a scaledependent process whose dynamical features at small and Fig. 3. Probability density (top row) and cumulative (bottom row) distributions of emission energy E, peak emission power W , emission lifetime T , and peak emission area A, constructed for precipitation events which initiated above and below the φ=0 boundary. Low-latitude distributions are shifted downward for easier comparison. The plots reveal three distinct modes of ionospheric unloading described by significantly different distribution slopes: small-scale (A 1 mode) and large-scale (mode A 2 ) events started at φ<0, as well as the events which started at φ>0 irrespective of their size (B mode). The dotted lines show linear regression slopes for A 1 and B emission modes. Note the absence of distribution crossovers for the high-latitude events.
large emission scales are governed by substantially different physical mechanisms. The existence of two separate subgroups of φ<0 events is more evident in terms of the dependent variable y=f (E)≡ log 10 (E). Since p(E) is a monotonic function, the p(y) distribution is given by the probabilistic transform
in which f −1 =10 y is the inverse function and f = log 10 (e)/E is the derivative of f (E). Denote the power-law slopes of p(E) below and above the threshold E * as τ (1) E , and τ E ≈1 (see Table 1), and so we expect the semilogarithmic plot log 10 [p(y)] vs. y to have a slope of −1 for y< log 10 (E * )≈12.7 and to be horizontal otherwise. For the positive φ population (mode B events), a single log 10 [p(y)] slope of about −0.6 is expected. Figure 4 shows the actual data that confirm the predicted scaling behaviors. The distinction between the statistics of A 1 and A 2 is very clear, despite the small size of the A 2 population. It can also be seen that the boundary between the two scaling modes is fairly close to the selected energy threshold.
The inter-trigger time distributions (Fig. 5 ) of both highand low-latitude events have power-law form. The difference between the τ D exponents of the low-and high-latitude populations is statistically significant (p<0.05).
To complete the statistical picture, Fig. 6 shows the occurrence probability of precipitation events as a function of magnetic latitude and MLT. The energy threshold used for constructing these distributions is an order of magnitude lower that the one used in Figs. 3 and 4 , which allowed us to include both large-and medium-size events associated with 750 V. M. Uritsky et al.: Collective dynamics in the inner and outer plasma sheet Distributions of low-latitude (diamonds) and highlatitude (stars) emission events over the quantity y≡ log 10 E. The pronounced break in the low-latitude distribution occurring at E * =5×10 12 J (shown with dashed vertical line) confirms the existence of two distinct subpopulations (A 1 and A 2 ) in this auroral region. The slopes to the left and to the right of this break are consistent with the shape of the energy distribution p(E) as discussed in the text. substorms and pseudobreakup activities. The MLAT distribution (built without pre-filtering by φ) displays a single peak consistent with the average location of the electron aurora (Hartz and Brice, 1967; Frey et al., 2004) . The MLT distributions for the negative and positive φ populations differ in their shape. The high-latitude events peak approximately an hour before magnetic midnight while the lower latitude events peak on the dawn side approximately 2 h after local midnight. This observation is consistent with our event classification as we discuss in the next section. 
Discussion
Our main findings can be briefly summarized as follows:
1. The emission events whose onsets are located poleward of the average isotropic boundary are characterized by broad-band power-law statistics with no distinct characteristic scales;
2. The events that initiate equatorward of this boundary constitute a non-uniform statistical population with an energy crossover separating large and small auroral activations;
3. The scaling behavior of the low-and high-latitude activity is different within the entire range of scales studied.
Statistically, mode A 1 events have a relatively high occurrence frequency but a vanishing precipitation energy (see Table 1 ). The strong low-latitude events ascribed to the scaling mode A 2 are quite infrequent. However, due to their large size, they carry almost 60% of the precipitated energy and thus represent a very important aspect of the auroral dissipation. Mode B appears to be the most common scaling mode responsible for as much as 4/5 of the total number of the observed emission events. This explains why the scale-free behavior of high-latitude events is close to the overall auroral statistics reported in our previous publications Uritsky et al. (2002 Uritsky et al. ( , 2003 Uritsky et al. ( , 2006 ). The energy output of the mode B events is also very significant (more than 40% of the entire auroral emission energy deposition), which implies that the scalefree magnetotail activity responsible for this emission mode plays a considerable, if not dominating, part in the intermittent bursty activity of the nightside magnetosphere.
The power-law shape of the p(D) distributions (Fig. 5 ) may indicate that the triggering mechanism that starts the emission events involves a highly correlated driver, such as e.g. the reconnection rate at the dayside magnetopause, the global cross-tail current, or the magnetic pressure in the tail lobes, which introduces a long-range coherence of the dissipation bursts beyond the one reflected by their lifetime distributions. If this interpretation is correct, our results imply that this driver has a more organized dynamics in the case of small-scale low-latitude events (τ T −τ D =1.51, mode A 1 ) than it does in the case of high-latitude events (τ T −τ D =0.42). However, it should be noted that our definition of D is different from the definitions of "waiting" or "quiet" times in avalanching systems that have been studied in this context earlier (Sanches et al., 2002; Paczuski et al., 2005) . This difference leaves a possibility that the observed long-range correlations of the onset timing originate from an intrinsic CPS dynamics rather than from an external driving process.
Our analysis suggests a consistent picture in which the mode B events initiate in the outer CPS regions, with the strongest emission bursts occurring in a rather stretched magnetic field configuration. The energy conversion in this region is believed to be dominated by magnetic reconnection. To the extent the electron emission flux can be used as a proxy for the magnetic energy release in the tail (Shue et al., 2003) , our results show that the midtail reconnection is a highly turbulent bursty process with no well-defined dissipation scales. Its scale-free component has been succcessfully reproduced in a driven current sheet simulation . Interestingly, this simulation yielded a set of critical exponents which are fairly close to the exponents characterizing mode B emission events in our present analysis. Judging by its relative energy contribution (Table 1) , the scale-free dynamics in the reconnection regions has a considerable impact on the nightside magnetosphere.
The mode A 1 and A 2 events defined by negative φ values are mainly produced in the inner CPS. Due to a more stable magnetic field topology, this region is not a preferred location for the magnetic reconnection. However, it can be prone to current disruption, which offers an alternative mechanism for the energy release in the inner tail. The anomalously low distribution exponents observed for A 2 events are characteristic of barely stable thermodynamic systems that are prone to large-scale sporadic reorganization. This type of statistics may be a manifestation of an avalanching behavior of localized dipolarization regions in the near-Earth CPS region (Lui, 2002; Consolini et al., 2005) .
The differing MLT peaks seen in Fig. 6 which reflect a large-scale inhomogeneity of plasma sheet provide additional evidence for the magnetotail origin of the observed effects. The two populations seen in this figure have previously been identified in auroral data (see Hartz and Brice, 1967 , and references therein) and can be explained by the access of plasma sheet electrons to the inner magnetosphere. Electrons are naturally driven to the dawnside magnetosphere due to gradient curvature drifts, with the radial location of the population controlled, in large part, by the competing crosstail and co-rotation electric fields. For any given energy and species of inner CPS particle the path that it takes through the system is completely controlled by these factors (e.g. Friedel et al., 2001 ). On average, the transport of electrons through the system will bring them closer to Earth on the dawn-side than in the evening sector, in agreement with our observations.
Our results characterize the collective behavior of the emission events in the nightside sector of the auroral oval. Several recent publications focused on the electric field fluctuations in the same region (Abel et al., 2006 (Abel et al., , 2007 Parkinson, 2006 Parkinson, , 2008 . Although the scaling exponents reported in these papers describe a different aspect of auroral complexity, they can be reconciled with our analysis assuming that the electric field and the emission intensity fluctuations are generated by the same physical phenomenon. If the auroral turbulence is driven by an avalanching process in the tail, one can expect that the ratio z between the spatial (α) and the temporal (β) exponents of the second-order structure function of the electric field fluctuations obeys the theoretical scaling relation z=α/β=γ (2−τ ) (Paczuski et al., 1996; Aegerter et al., 2003) , where τ ≡τ E and γ is the finite-size scaling exponent of the p(E) distribution.
Based on our present results, it is clear that z should exhibit a strong latitudinal dependence. Indeed, substituting the τ E values from Table 1 , and using the previously obtained average value γ =2.14 characterizing the electron aurora (Uritsky et al., 2006) , we find that z=0.15, 2.35, and 0.79 for the scaling modes A 1 , A 2 , and B, respectively. The spatial and temporal electric field scaling exponents reported by Abel et al. (2006) and Parkinson (2006) for the auroral region equatorward of the open-closed boundary relate to each other as 0.39/0.21≈1.86. In the monofractal approximation (Parkinson, 2008) , this ratio should be equal to z, and the scaling relation given above should hold. Using the estimates of z given above, one can conjecture that the correlation structure of the auroral electric field fluctuations is largely controlled by the A 2 mode of bursty CPS dynamics, which is consistent with the dominating energy contribution of this mode.
In order to prove this link in a more rigorous way, a more careful analysis will be needed in which all of the exponents involved in the discussed relation will be measured for the same set of auroral events organized by latitude according to the same procedure. It is worth noting that the relationship between the structure function and avalanche exponents is at the heart of the ongoing search for a unified complexity scenario reconciling intermittent turbulence and SOC (Uritsky et al., 2007; Rypdal et al., 2008) . The proposed analysis could provide an experimental basis for validating such a scenario in the magnetosphere.
It should be emphasized that the magnetosphereionosphere interaction may play a noticeable role in the 752 V. M. Uritsky et al.: Collective dynamics in the inner and outer plasma sheet observed effects. Although it is unlikely that the distinct scaling regimes reported here are created by this interaction, it could well lead to additional systematic errors of measured scaling exponents (for example, by filtering-out small-scale magnetotail activity, or by introducing more complicated distortions caused by plasma turbulence in the acceleration region), which will require careful consideration in future studies.
Conclusions
We have reported a new set of statistical signatures of electron emission events in the northern aurora based on an automated spatiotemporal analysis of POLAR UVI images. Our analysis has revealed several distinct types of precipitation dynamics defined by the initial location of the events relative to the average position of the isotropic boundary. The events that initiate in the equatorward portion of the auroral oval exhibit bifractal energy, power, area, and lifetime probability distributions described by different sets of power-law exponents referring to small and large emission scales. The small-energy events (mode A 1 , E<5×10 12 J) are described by the distribution slopes that are systematically steeper than the corresponding slopes of large-energy events (mode A 2 , E>5×10 12 J). The events that initiate in the poleward portion of the auroral oval (mode B) demonstrate robust scalefree monofractal behavior described by constant distribution slopes over the entire range of the observed precipitation energies.
The probability density exponents shown in Table 1 are approximately consistent with τ x exponents obtained earlier from a less accurate latitudinal classification of emission events (Uritsky et al., 2008) . The new exponents θ x and x confirm the scale-dependent nature of the low-latitude emission dynamics, whereas the exponent τ D suggests more organized driving and/or dissipation mechanisms underlying the activity in the inner CPS region.
The emission events produced in the outer CPS have considerably higher relative occurrence compared to the inner CPS events and therefore dominate the overall auroral statistics, making the scale-dependent behavior of the equatorward portion of the auroral oval a second-order effect in the statistical sense. However, the contribution of the equatorward events to the energy budget of the nighttime aurora is important and it needs to be addressed in future models of multiscale dissipation in the magnetotail.
A natural next step in this research line is to look for patterns, within our database, of event classes we know to exist.
For example, what subset of our event database would be classified as substorms? Do substorms organize themselves in this manner in the parameter space of auroral scaling exponents? And if so, can this analysis be used as an independent test for alternative substorm onset scenarios?
